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Abstract 
Films cast from multiphase polymer particles have the potential to combine the properties of their 
components synergistically. The properties of the film depend on the hybrid polymer architecture and 
the film morphology. However, how the polymer microstructure and particle morphology are 
transformed during film formation to determine the film morphology is not well understood.  Here, 
using waterborne alkyd-acrylic nanocomposite particles in a case study, it was found that phase 
migration leading to the formation of aggregates occurred during film formation. A coarse-grained 
Monte Carlo model was developed to account for the effects of polymer microstructure and particle 
morphology on the morphology of the film. The model was validated by comparing its predictions with 
the observed effects, and then used to explore combinations of polymer microstructure and particle 
morphology not attainable with the system used as a case study.  Significantly, the morphology of the 
particles was found to have a greater influence than the compatibility of the phases in determining the 
film structure. 
 
 
Introduction 
Synthetic latexes are mainly used in applications (e.g. paints, adhesives, paper and coatings) that require 
the formation of a film [1-3]. For latexes composed of homogeneous particles, film formation is 
described as consisting of three main processes: [4-7] i) evaporation of water to achieve the close-
packing of particles, ii) deformation of particles to fill all the void space, and iii) interdiffusion of the 
Particle morphology Film morphology
(simulated and real)
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polymer across particle interfaces to fuse particle boundaries. However, very often these films need to 
satisfy contradictory requirements, especially in their mechanical properties, and homogenous latexes 
can hardly fulfill the antagonist application requirements. For instance, binders for coatings are required 
to have a low minimum film formation temperature (MFFT) to be applied outdoors over a wide range of 
temperatures. This requires that the glass transition temperature, Tg, of the polymer is below the 
temperature at which the film is going to be formed. On the other hand, coatings also require a high 
hardness level that cannot be provided by a low Tg polymer. One solution is to add a coalescing agent 
[8] to plasticize a polymer with a Tg above the application temperature. The coalescent decreases the 
MFFT to a level desired for perfect film formation. After the application of the film on a substrate, the 
coalescent evaporates and the hard polymer remains, but the emission of the coalescent into the 
atmosphere causes environmental pollution [9]. One way to overcome this problem is to blend two 
latexes of different Tg value [10-15]. The lower Tg polymer can form a film at a low temperature (low 
MFFT) and the higher Tg polymer can provide film hardness. However, blending often leads to uneven 
distribution of the two polymers in the film, which in turn results in haze and low gloss.  
A more uniform distribution of the two phases in the film can be achieved by using heterogeneous 
polymer particles, in which two or more different polymers are simultaneously present in one particle 
[16-18]. This allows the achievement of film properties not accessible by physically blending different 
polymer dispersions [8,19]. Implicit in those works is the idea that the film morphology, which 
determines the film properties, is determined by the particle morphology. However, a general 
framework of understanding of how the particle morphology translates into film morphology is not 
available.  
There have been a few previous experimental studies to correlate the morphology of particles and 
films.  Gerharz et al. [20] found that in the presence of a good solvent, homogeneous films were formed 
from composite particles. Schellenberg et al. [21] investigated the morphology of films cast from soft-
core/hard-shell particles and found that the particle structure inverted during film formation yielding a 
continuous matrix of soft polymer. Crosslinking of the hard shell avoided film formation. Schuler et al. 
 4 
[8] and Hagen et al. [22] found that the morphology of the particles was preserved during film 
formation. Lee et al. [23] found that multilayered, slightly crosslinked nanostructured particles led to a 
nanocomposite film containing domains of both polymers interconnected by their diffuse polymer 
mixtures. Otts et al. [24] reported on the effect of the synthetic method on film morphology, but 
experimental evidence of the morphology of the particles was not provided. The behaviour of composite 
particles during film formation could potentially be mimicked by using blends, but the evidence 
available is that these systems lead to a substantial phase separation [25, 26]. In this context, it is clear 
that a mathematical model aimed at predicting the effect of the polymer microstructure and particle 
morphology on the film morphology would be highly valuable, but no such model has been reported in 
the literature. There is a need to establish general principles.  
In this work, the effect of polymer microstructure and particle morphology on film morphology was 
investigated experimentally, and a model was developed to describe and interpret the results. 
Waterborne alkyd/ acrylic hybrids were used as a case study. Alkyd/acrylic hybrids have the potential to 
out-perform classical soft polymer/hard polymer composite latexes in terms of the balance between low 
MFFT and hardness of the film. The reason is that the soft alkyd resin reduces the MFFT, and upon film 
formation, it hardens by autoxidative curing [27].  
The synthesis of waterborne alkyd/acrylic hybrids has been extensively studied [28-31] and strategies 
for the control of the particle morphology, which benefit from the knowledge developed for other 
polymer/polymer systems [32-37], are available [38]. The effect of the particle morphology on the 
autooxidative drying rate was reported [39], and recently, the effect of the type of alkyd resin and the 
compatibilization degree among phases on the mechanical properties of the film, was assessed [40]. 
However, the effect of the polymer microstructure and particle morphology of alkyd/acrylic hybrids on 
film morphology has not been studied.  
Waterborne alkyd/acrylic hybrids with three different morphologies (i) alkyd in the core and acrylic in 
the shell, (ii) hemispherical and (iii) acrylic in the core covered by an alkyd resin shell were synthesized. 
These hybrids had different polymer microstructures in terms of the relative fractions of free acrylic 
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chains, acrylic-alkyd graft copolymer and free alkyd resin. The morphology of the films cast from them 
was compared to that of the film cast from blends of alkyd and acrylic dispersions. A coarse-grained 
Monte Carlo model able to account for the effect of polymer microstructure and particle morphology on 
the morphology of the film was developed. The model was validated by comparing its predictions with 
the observed effects. It was subsequently used to explore combinations of polymer microstructure and 
particle morphology that are otherwise difficult to obtain with the system used in the case study. 
 
Experimental 
Alkyd/acrylic particles with widely different morphologies (alkyd in the core and acrylic in the shell, 
hemispherical and acrylic in the core partially covered by alkyd resin) were synthesized by 
miniemulsion polymerization [38]. The solids content was 50 wt% and the alkyd/acrylic ratio was 50/50 
wt/wt% in all cases. Particle morphology depends on the interplay between thermodynamics and 
kinetics [32, 34, 36, 37]. Thermodynamics determines the particle morphology at equilibrium according 
to the minimum surface energy, and kinetics determines whether the particle reaches the equilibrium 
morphology or it remains in a metastable (kinetically stable) morphology. Because of the plasticizing 
effect of the alkyd resin, equilibrium morphologies are usually reached for alkyd/acrylic system [38]. 
The surface energy is the product of the interfacial area and the interfacial tensions. Therefore, the 
equilibrium morphology strongly depends on the interfacial tensions. In this work, the interfacial 
tensions between the alkyd resin and the other phases (acrylic polymer and water) were varied by using 
two alkyd resins (supplied by Nuplex Resins) with different hydrophilicity: SETAL 293-XX (S293), 
which is hydrophobic (acid value=11mg KOH/g) and the more hydrophilic SETAL 1630WP-292 
(S1630, acid value=21.5mg KOH/g). In addition, the interfacial tension between the polymers was 
modified through both the resin and the acrylic degree of grafting. The resin degree of grafting (RDG) is 
the fraction of the alkyd resin that is grafted to the acrylic polymer. The acrylic degree of grafting 
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(ADG) is the fraction of the acrylic polymer that is grafted to the alkyd resin. Methods to determine 
RDG and ADG have been reported [41]. 
Usually, the acrylic chains are substantially longer than the alkyd ones, and therefore most of the 
acrylic chains contain some alkyd grafted (i.e., ADG is high), whereas only a fraction of the alkyd is 
grafted to the acrylic polymer, namely, the majority of the alkyd is not grafted [38] (i.e., RDG is usually 
low). RDG can be increased by maintaining the alkyd resin and the acrylic polymer in close vicinity 
(hydrophobic resins give higher RDG than hydrophilic ones), using initiators that generate radicals 
active in hydrogen abstraction (e.g., tert-butyl hydroperoxide, TBHP/ascorbic acid, AsAc, which yields 
oxygen centered radicals and hydrophobic enough to readily enter into the polymer particles) [42], and 
using monomers of different reactivity with the double bonds of the alkyd resin (e.g., acrylates are more 
reactive than methacrylates) [31]. Therefore, in order to prepare particles of different morphology, the 
type of resin, the monomer system and the type of initiator were varied. The formulations are 
summarized in Table 1. The reactions were carried out by batch miniemulsion polymerization following 
the procedure given elsewhere [38]. 
Two different redox initiators (TBHP/AsAc, and H2O2/FF7) were used to achieve low residual 
monomer content throughout an additional post-polymerization step, following the procedure described 
in reference 42. Table 1 also includes the main characteristics of the hybrids prepared. Based on the 
measurements of the acrylic and the resin degree of grafting, the mass fraction of the total hybrid 
polymer was estimated as follows: 
RA pRDGpADGpolymerHybrid   (1) 
where pA and pR are the mass fractions of the acrylic polymer and alkyd resin, respectively, in the 
dried sample given by: 
EIalkmon
mon



X
X
pA  
(2) 
EIalkmon
alk


X
pR  
(3) 
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where mon is the acrylic monomer, X is the acrylic conversion, alk, the alkyd, I is the initiator content 
in the formulation and E is the amount of emulsifier used.  
The weight percentage of acrylic that remains ungrafted (pure acrylic) and the amount of ungrafted 
alkyd (pure alkyd) over the total polymer are also given in Table 1.   
 
Table 1. Summary of the polymerization conditions of used and the characteristics of the hybrids. 
Sample 
(Resin 
Type) 
Monomer 
(%wt) 
T 
(ºC
) 
Initiator (Pol. 
(%wbm)
a
 // 
Post-
Pol.(%wbrm)
b
) 
dp
c
 
(nm) 
ADG 
(%) 
RDG 
(%) 
Pure 
acrylic 
(%) 
Hybrid 
Polymer 
(%) 
Pure 
alkyd 
(%) 
S1 
(S293) 
BA/MMA/SA/AA 
47.6/47.6/3.8/0.95 
70 
V59 (1.6) //  
TBHP/AsAc 
(0.25/0.125) 
105 89 44 5.5 66.5 28 
S2 
(S293) 
BMA/MMA/SA/A
A 
47.6/47.6/3.8/0.95 
90 
V59 (1.6) // 
H2O2/FF7 
(0.25/0.25) 
135 100 18 0 59 41 
S3 
(S1630) 
BA/MMA/SA/AA 
47.6/47.6/3.8/0.95 
70 
KPS (1.6) //  
TBHP/AsAc 
(0.33/0.165) 
88 40-60 21 25 35.5 39.5 
All the samples were prepared with 6% weight based on organic phase of Dowfax 2A1 surfactant. 
a
: weight percent of initiator based 
on monomer used in the polymerization step.
 b
: weight percent of initiator based on residual monomer present at the beginning of the 
post-polymerization step.  
c
: particle diameter; BA, butyl acrylate; BMA, butyl methacrylate; MMA, methyl methacrylate; SA, 
stearyl acrylate; AA, acrylic acid; V59, 2,2 -azobis(2-methylbutyronitrile); KPS, Potassium persulfate; FF7, Brugolitte FF7; %wbm, 
weight percentage based on monomer; %mbrm, mol percentage based on residual monomer.  
 
The morphology of the particles was determined by means of transmission electron microscopy, 
TEM, using a TECNAI G
2 
20 TWIN (200kV, LaB6), after positively staining them with OsO4 and 
negatively staining them with phosphotungstenic acid (PTA). This enhanced the contrast between the 
alkyd resin (darker, through reaction of the double bonds of the alkyd with the OsO4) and the acrylic 
polymer (lighter). The surfaces of the particles were also contrasted. 
Both atomic force microscopy (AFM) and transmission electron microscopy (TEM) were used to 
study the nanostructure of alkyd/acrylic nanocomposite films. Films for AFM analysis were cast on 
poly(propylene) (PP) sheets with a 40 μm spiral applicator and allowed to dry overnight at a 
temperature of 22 ±1ºC and a relative humidity of 55 ±1% (resulting in a dried film thickness of about 
20 μm). All films were rinsed with deionized water prior to AFM analysis.  
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AFM images were obtained using an atomic force microscope (NTEGRA, NT-MDT, Moscow, 
Russia) in intermittent contact mode, and with a non-contact “golden” silicon cantilever NT-MDT 
equipped with conical silicon tip having a radius of curvature less than 10 nm. The nominal resonant 
frequency fo of the cantilever was about 115–150 kHz and its spring constant k was about 10 N/m. 
Parameters needed to describe the tapping conditions are the "free" amplitude Ao (corresponding to 
oscillation in air), which was fixed at 233 nm, and the setpoint amplitude Asp (corresponding to the 
amplitude when the tip is in contact with the sample surface) which was kept at 100 nm. The Asp/Ao 
ratio was equal to 0.43 for all measurements.  
For TEM characterization, the films were dried at a temperature of 22 ±1ºC and a relative humidity of 
55 ±1%. Some of the BMA-based films were also dried at 60ºC due to the higher Tg of this system (the  
Tg of the BMA is around 20 ºC, whereas the Tg of the BA is around -54 ºC) [43]. Then, small pieces of 
the film were cut with a blade and 0.5 mL of a 4wt% solution (in water) of osmium tetroxide was added. 
Samples were allowed to react over 7 days with the stain. After staining, an ultracryomicrotome 
(LEICA EM UC) with cryochamber (LEICA EM FC6) was used to obtain slices of 100 nm that were 
collected on a copper grid. 
For the sake of comparison of film morphologies, blends were made from an all-acrylic latex and 
emulsions of each of the two alkyd resins. In order to prepare the emulsions, the alkyd resin and an 
aqueous solution of Dowfax 2A1 (1.8 wt%) were mixed together and magnetically stirred for 20 min. 
The resulting coarse emulsion was sonified (Branson 450) for 15 minutes (power 9 and 80% duty 
cycle). The emulsion was treated (6 cycles) with a Niro-Soavi high-pressure homogenizer with 
pressures of 410 and 41 bar in the first and second stage valves, respectively. The average alkyd droplet 
size was 900 nm for the S293 resin and 640 nm for the S1630 resin. Blends of the resin emulsions with 
an all-acrylic latex in a 1:1 ratio by weight were then prepared.  This acrylic latex was made from BA 
and MMA in a 1:1 weight ratio and synthesized as reported previously [44]. 
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Results and Discussion 
Figure 1 presents the morphology of the composite particles obtained from TEM analysis. Hybrid S1 
synthesized with the hydrophobic resin had an alkyd rich dark core and an acrylic lighter shell, which 
agrees well with the equilibrium morphology predicted using the interfacial tensions measured for pure 
polyacrylates MMA/BA/SA/AA (1), alkyd resin SETAL 293 (2) and water (3): 13= 20 mN/m and 23= 
33 mN/m [38]. The actual value of 12 is unknown, although a low value is expected due to the existence 
of a large amount of grafted copolymer. Hybrid S2 was also prepared with the hydrophobic resin, but a 
lower extent of the grafting was achieved by using only methacrylate monomers and H2O2/FF7 as the 
post-polymerization initiator system. Methacrylates are less active than acrylates in the reaction with the 
double bonds of the alkyd resin. On the other hand, the hydroxyl radicals produced by the initiator 
system are rather hydrophilic and, in order to enter into the polymer particles, they react with monomer 
in the aqueous phase to yield hydrophobic oligoradicals. These are carbon centered radicals, which are 
less efficient than the oxygen-centered ones for hydrogen abstraction. It is worth pointing out that 
hydroxyl radicals may directly enter the polymer particles, but in the presence of monomer the 
contribution of this process to the overall radical entry rate is negligible [45]. The resulting lower 
grafting yielded a value of 12 larger than for hybrid S1, leading to the prediction of a hemispherical 
morphology consisting of alkyd-rich and acrylic-rich phases, which is in agreement with the 
morphology observed by TEM.  
Hybrid S3 was synthesized using a more hydrophilic resin (S1630). Figure 1 shows that the resin 
(appearing as small particulates) spread around the polymer particles. This means that the alkyd resin 
was in the exterior of the particles, but it cannot be concluded whether it was previously forming a 
partial or a complete shell.  
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S1 
 
S2 
 
S3 
Fig. 1. TEM micrographs of the composite particles with different morphologies. Scale bar 100nm. 
Dark regions correspond to the alkyd rich phase and bright regions to the acrylic rich phase. 
 
 
Figure 2 presents AFM images (both height and phase) of the surface of the films cast from the blends 
of acrylic and alkyd (hydrophobic and hydrophilic) dispersions. The first column depicts the topography 
(height image) of the sample and the second column shows the phase shift [46]. The different 
mechanical and viscoelastic properties of the film are primarily reflected in the phase images. When the 
tip interacts with a viscous component, more energy is dissipated in comparison to interaction with a 
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more elastic region [47]. In the images presented here, regions that dissipate a greater energy appear 
darker [48]. The alkyd is a liquid-like low molecular weight compound, whereas the acrylic has a higher 
elastic modulus [40]. It is worthy pointing out that the films were cast without using a catalyst, that is 
often used to promote the autoxidative curing of the alkyd, and therefore as the crosslinking rate is slow, 
the alkyd remained liquid-like [27]. Therefore, when the tip interacts with the alkyd resin, it dissipates 
more energy than when it interacts with the acrylic. Figure 2 shows that the large domains of alkyd resin 
(dark domains), which are substantially greater than the size of the alkyd droplets in the dispersion, were 
formed. This indicates that the alkyd droplets underwent some coalescence to create a coarser phase 
distribution. On the other hand, the acrylic particles (brighter) largely kept their identity and appeared 
surrounded by the alkyd, especially in the case of the hydrophilic resin blend. The film surface of the 
hydrophilic alkyd/acrylic blend appears richer in the alkyd phase than the hydrophobic blend. This 
suggests a higher tendency of the hydrophilic resin to migrate to the air surface.   
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Fig. 2. AFM images obtained from the surfaces of the films cast from blends of the acrylic latex and 
alkyd-in-water emulsions (a) for the hydrophobic S293 resin and (b) for the hydrophilic S1630 resin. 
Height images are shown on the left and phase images are shown on the right. All images are 5m x 5 
m. Dark regions correspond to the alkyd phase and bright regions to the acrylic phase. 
 
Figure 3 presents the AFM images of the surface of the films cast from hybrids S1, S2 and S3. In all 
cases, the particle boundaries are not apparent, which indicates that the particles have coalesced. By 
comparison, the acrylic particles did not coalesce when blended with alkyd dispersions (cf. Figure 2). In 
the phase image of the S1 film, there are small domains (typically smaller than the particle size) that 
appear darker in the images and can reasonably be attributed to the alkyd phase. These domains appear 
lower in the height image.  The S1 particles have an alkyd rich core (Figure 1). One interpretation of the 
images is that the AFM tip is penetrating the acrylic shell and detecting the alkyd core, but the 
possibility of some alkyd leaking from the particles cannot be ruled out. A higher fraction of the darker 
domains in the phase images is observed at the surface of hybrid S2. Hybrid S3 shows an even higher 
(a) 
(a) 
(b) 
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fraction of the darker phase, which is likewise interpreted as being composed of alkyd. For hybrids S2 
and S3, the mean size of these alkyd domains is much greater than that of the polymer particles (135nm 
and 88nm, respectively). Hence, it is inferred that free alkyd resin that is out and/or partially 
surrounding the particles has migrated to create larger domains. The alkyd aggregates formed in the S3 
film are larger than those formed in the S2 film. Furthermore, the size of the alkyd aggregates formed in 
these hybrid films is smaller than those formed in the films cast from the alkyd/acrylic blends (Figure 
2).  
The images presented in Figures 2 and 3 are obtained from the surface of the film. However, the 
morphology of the surface may be different from that of the interior of the film. Therefore, cross-
sections of the films cast with hybrids S1 and S3 (the hybrid systems showing stronger differences in 
the morphology of the film surface) were analyzed by TEM (Figure 4). In these images, the lighter parts 
correspond to regions rich in acrylic polymer and the dark parts to regions rich in alkyd resin. The black 
dots might correspond to fractions of the alkyd resin in which the staining agent accumulates (the alkyd 
resin is not homogenous in composition). Even under these circumstances, Figure 4 clearly shows that 
relatively large aggregates of alkyd resin and acrylic polymer were formed in the bulk of the film cast 
with hybrid S3, whereas a substantially finer dispersion was obtained for hybrid S1.  
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Fig. 3. AFM images of top air surface of (a) S1, hydrophobic S293 resin with BA; (b) S2, hydrophobic 
S293 resin with BMA; (c) S3, hydrophilic S1630 resin with BA. Height images are shown on the left 
and phase images are shown on the right. Dark regions correspond to the alkyd rich phase and bright 
regions to the acrylic rich phase. 
 
(a) 
(b) 
(c) 
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(a) 
 
(b) 
Fig. 4. TEM micrographs of film cross-sections of (a) S1, containing S293 resin and (b) S3, containing S1630 
resin. Scale bar 500nm. Dark regions correspond to the alkyd rich phase and bright regions to the acrylic rich 
phase. 
 
 
 
Figures 1, 3 and 4, show that the morphology of the films depended on the polymer microstructure 
and morphology of the particles, and that there was a phase separation and migration to form domains 
that were larger than the size of the phases within the original composite particles.  
The moment in which the phase migration occurred is not well defined, but one may speculate that 
because the morphology of the waterborne hybrid particles was at thermodynamic equilibrium, they 
were not subjected to any significant driving force for phase migration while they were surrounded by 
water. Therefore, it seems reasonable to assume that phase migration occurred after water evaporation 
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had been completed. In the absence of water, the driving force for phase migration is a minimization of 
the surface energy associated with the interfaces between the different phases. In the films cast from the 
blends there were only two phases: acrylic polymer and alkyd resin, and the interfacial tension between 
them is higher for the hydrophilic resin (12~ 12 mN/m ) than for the hydrophobic one (12~ 10 mN/m) 
[38]. In addition, the size of the droplets of the hydrophilic alkyd resin was smaller than that of the 
hydrophobic alkyd, (S1630, dd =640 nm and S293, dd = 900 nm), namely the interfacial area between 
the alkyd resin and acrylic polymer was higher for the hydrophilic resin. Therefore, the driving force for 
phase migration was higher for the blend containing the hydrophilic resin, and this explains the larger 
size of the alkyd aggregates in the film cast from the blends containing the hydrophilic resin (Figure 2).  
The hybrid contained up to three phases: alkyd resin, grafted copolymer and acrylic polymer. Table 1 
presents the fractions of these polymers in each hybrid. It can be seen that hybrid S1 contained 66.5 
wt% of grafted polymer, 5.5 wt% of acrylic polymer and 28 wt% of alkyd resin. As the interfacial 
tensions between the grafted polymer and both acrylic polymer and alkyd resins are lower than that 
between the acrylic polymer and the alkyd resin, the driving force for phase migration is lower than for 
the blends. On the other hand, migration is favored by the presence of low molecular weight polymer, 
which was in a relatively low amount in hybrid S1. Therefore, this system had a relatively low driving 
force for phase migration and a relatively low amount of mobile free alkyd resin. In addition, the fact 
that the alkyd resin occupied the core of the polymer particle might offer some resistance to alkyd 
migration. The combination of these effects resulted in a moderate phase separation. On the other hand, 
as compared with hybrid S1, hybrid S3 contained a lower fraction of grafted copolymer (35.5 wt%) and  
higher fractions of acrylic polymer (25 wt%) and alkyd resin (39.5 wt%). Therefore, it had a stronger 
driving force for phase migration and a higher amount of the more mobile phase (alkyd resin), which 
provide reasons for the larger aggregates of alkyd resin formed in the films. The formation of the 
aggregates was facilitated by the location of the alkyd in the exterior of the particle (Figure 1). In 
addition, this hybrid had also the smallest particle size, and hence a higher interfacial area among the 
phases, which may contribute to increase the driving force for phase migration.  
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The properties of hybrid S2 in terms of polymer microstructure and particle morphology were 
intermediate between hybrids S1 and S3, and hence the extent of phase separation (Figure 3) was also 
intermediate.  
The results discussed above show that phase migration leading to the formation of aggregates 
increases when (1) the fraction of low molecular weight polymer (free alkyd resin) increases, (2) the 
compatibility between the phases decreases (smaller fraction of grafted copolymer), and (3) when the 
more mobile phase (alkyd resin) is located at the outer part of the particles. 
The contributions of the polymer characteristics and particle morphology cannot be decoupled 
because in these and other hybrids, the system with the higher driving force for phase migration presents 
the more favourable particle morphology for phase migration. Unfortunately, for the present system, 
synthesis of hybrids that present counteracting characteristics for phase migration (e.g., hydrophilic 
resin in the core of the particles) is very difficult, if not impossible.  
The understanding of the relative importance of the polymer characteristics and the particle 
morphology, as well as the application of this knowledge to other systems would both benefit from 
computer simulations of the phase migration during film formation. Therefore, a standard coarse-
grained canonical Monte Carlo model aimed at predicting the morphology of the film was developed.  
 
Modelling the formation of film morphology  
Because the morphology of the waterborne hybrid particles was at thermodynamic equilibrium, they 
were not subjected to any significant driving force for phase migration while they were surrounded by 
water. Therefore, phase migration was presumed to occur after completion of water evaporation. 
Therefore, in the simulation, the film after water evaporation was considered to be formed by particles 
randomly distributed in a dense packing. Although the hybrid particles may contain three components 
(acrylic polymer, grafted copolymer and free alkyd), only two phases were considered in the simulation: 
free alkyd resin and acrylic containing polymer. This assumption is based on the following three 
reasons: i) the grafted copolymer was richer in the acrylic polymer than in alkyd resin and it is expected 
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to be compatible with the pure acrylic polymer; ii) the low molecular weight alkyd resin is expected to 
be more mobile than the high molecular weight acrylic containing polymer (both pure and grafted [40]); 
and iii) the available AFM and TEM images only distinguished between acrylic-rich and alkyd rich 
domains.  
Both cluster migration and diffusion of individual polymer chains contribute to the evolution of the film 
morphology. There are no data available for the kinetics of film morphology, but the results available 
for the dynamics of the particle morphology indicate that cluster migration is the main contribution in 
such a case [34-36]. For the current case, the large size of the clusters and the relatively low molecular 
weight of the alkyd resin may increase the significance of the diffusion. In order to model such a 
complex system, the polymer chains contained in each polymer particle were pulled together in a 
number of beads and the beads were allowed to move in the film. The beads were larger than single 
polymer chains and smaller than the size of the clusters, therefore they may represent the average 
motion of the polymer in the system. The interaction among the beads was simulated using a Lennard-
Jones potential because it captures well the main contributions (Bohr repulsion and van der Waals 
attraction) to the movement and, although developed for small molecules, it has been successfully used 
to simulate colloid-colloid interactions [49-51].  
Each composite particle was considered to be composed by 25 subparticles, each of them 
corresponding to either free alkyd resin or acrylic containing polymer. The distribution of the 
subparticles between these polymers was made by taking into account the resin degree of grafting of the 
hybrids. In addition, the experimental particle morphology (Figure 2) was accounted for. Figure 5 
presents the model considered for the hybrid particles. Hybrid S1 had a core-shell morphology with 7 
subparticles representing the alkyd in the core (28% of the total polymer) and 18 subparticles 
representing the acrylic-rich phase in the shell (72% of the total polymer). The choice of the number of 
subparticles affects the aspect of the polymer particle. Thus, a higher number of subparticles would 
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result in a better coverage of the alkyd core by the acrylic shell. However, the computational time would 
tremendously increase. Therefore, each polymer particle was represented by 25 subparticles. 
Hybrid S2 had a hemispherical morphology with 10 subparticles representing the pure alkyd resin 
(41% of the total polymer) and 15 subparticles representing the graft copolymer (no pure acrylic 
polymer was detected in this case). Although hybrid S3 was the only system that contained 3 phases in 
similar amounts, in the simulation, it was considered that the particle was composed by 13 alkyd 
subparticles that surrounded a core of 12 acrylic subparticles, i.e., the hybrid polymer was shared 
between the pure alkyd and the acrylic phases. 
 
 
 
     
  S1     S2          S3 
Fig. 5. Schematic morphologies of the polymers particles used in the simulation. The black subparticles 
represent the alkyd phase while the white ones represent the acrylic containing polymer. 
 
The initial configuration of the film was obtained by randomly distributing the hybrid particles (each 
of them composed of 25 subparticles) within the simulation cell without overlapping and maintaining 
the particle morphology. 
In the simulation, the following interactions were considered: i) interaction among the subparticles 
representing the polymers, ii) interaction among the polymer subparticles and the film/air interface, and 
iii) interaction between the polymer subparticles with the substrate. The polymer-polymer interaction 
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between two subparticles representing polymers i and j separated by a distance r, Uij(r), was described 
by a Lennard-Jones potential 
 





















612
4
rr
rU
ijij
ijij

        (4) 
where ij is the attractive depth of the potential well and ij is the distance at which the potential is 
zero, which was set as ij=1 and used as the unit of length in the simulation. The polymer-polymer 
interaction was cut at 5.0ij. In the present simulations, alkyd-alkyd=25 and acrylic-acrylic=30.0, meaning 
that the attractive well was deeper for acrylic-rich polymers than for alkyd resins, which reflects the 
physical situation in which the alkyd resin could flow more easily than the acrylic/hybrid polymer due 
to its lower viscosity. 
On the other hand, for the interaction between acrylic-rich polymers and alkyd resin, ij was 
calculated as 
  21
acrylicacrylicalkydalkydij          (5) 
where  (0   1) is an arbitrary coefficient that accounted for the compatibility between polymers. 
When is lower, then the higher is the interfacial tension [52] and the lower is the compatibility 
between polymers i and j. Hybrids S1 and S2 had a similar content of hybrid polymer, and hence,  = 
0.7 was used for both of them. For S3, a lower value (=0.1) was used, because this was the system 
with the lowest fraction of graft copolymer. 
The interaction between the polymer i and the substrate, Uext, was described by the repulsive term of a 
Lennard-Jones-type potential, which has been used to describe the interaction between a flat surface and 
particles [53]. 
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where zext is the perpendicular distance between the center of the subparticle and the external interface, 
ext is the attractive well of the potential, and n is a parameter that is related to the stiffness of the 
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interface. When n is higher, then the interfacial tension is higher. In this work, ext =1.0 and n=6 were 
used for both the film/air interface and the film/substrate interface for any of the components.   
Because polymer does not evaporate, the film/air interface acts as an impenetrable wall for the polymer. 
In the framework of the Metropolis algorithm [54] used in this work, this can be treated by ignoring the 
Boltzmann factor (see below) or by using a repulsive potential [7]. In this work, the repulsive potential 
given in eq (6) was used with ext =1.0 and n=6. This is not expected to affect the morphology of the 
film surface (and obviously that of the interior of the film) because the two phases were equally 
affected. 
The simulation cell was a parallelepiped with dimensions Lx=Ly=24ij and Lz=40ij, Lz being the 
direction perpendicular to the substrate. The cell contained 760 particles and 19000 subparticles. 
Periodic boundary conditions were applied in the x and y directions. In the z direction, the interaction 
was defined by equation (6).  
Once the initial configuration was obtained, the subparticles that formed the polymer particle were 
allowed to move individually according to the Metropolis algorithm [54], which drives the system 
towards its equilibrium state. In this algorithm, a subparticle is chosen at random and its potential 
energy as a function of the position is calculated, Eold, through equations (1), (2) and (3). Then, the 
subparticle is displaced to a new random position, getting a new energy, Enew. If Enew<Eold, the new 
position is accepted. Otherwise, the Boltzmann factor, exp[-(Enew-Eold)/kBT] (where kB is the Boltzmann 
constant and T the temperature, set as kBT=1), is calculated and compared to a random number 
uniformly distributed between zero and one. The new position is accepted if the random number is 
lower than the Boltzmann factor and rejected otherwise. The first condition assures that the system 
evolves toward the lowest energy, meanwhile the second condition reduces the possibility that the 
system freezes in a local minimum of the energy. In a Monte Carlo step, all the subparticles were tried 
to be displaced with acceptance ratio close to 50% by adjusting the maximum length of displacement, 
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l=0.012ij. In order to account for the lower viscosity of the alkyd resin, displacement of the alkyd 
subparticles was tried with a higher frequency ratio (2:1), with respect to the acrylic subparticles. 
The evolution of the film during the simulation was analyzed with the aid of snapshots and by the 
normalized cluster size weight distribution of the alkyd subparticles [55], which was calculated 
considering that alkyd subparticles belonged to the same cluster if the separation distance between the 
subparticles was less than ij +0.05 i.j. For each simulation, 5x10
6
 Monte Carlo steps were performed. 
The final film morphologies were metastable, i.e., morphologies that cannot significantly vary with the 
thermal energy available in the system.  
Figure 6 presents a snapshot of the initial configuration of the air-film surface for the three hybrids. 
The scale bar represents 313 nm and was calculated considering that the polymer particle size was 100 
nm (see Table 1). The small agglomerates of alkyd resin that are observed in the case of hybrid S1 are 
due to the imperfect coverage of the alkyd subparticles forming the core of the polymer particles by the 
acrylic subparticles, because of the limitations imposed by the number of subparticles forming a hybrid 
particle. The clusters of alkyd resin observed in hybrids S2 and S3 correspond to the aggregation of the 
alkyd from neighbor particles, because in these hybrids the alkyd resin is mainly at the exterior of the 
particles. 
   
S1 S2 S3 
Fig. 6. Snapshots of the initial configuration of film/air surface. The scale bar is 313 nm. The black 
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subparticles represent the alkyd phase while the white ones represent the acrylic containing polymer. 
Figure 7 presents a comparison of the simulated morphology of the film/air interface (after 5x 10
6
 
MCS) with the morphologies determined experimentally by AFM. The size of the images was adapted 
in order to have the same scale in the simulated and in the AFM images. It is worth pointing out that no 
parameter estimation was performed. It can be seen that the simulation predicts well the trends observed 
experimentally, i. e., the size of the aggregates increased from S1 to S2 and S3. Quite likely, the size of 
the alkyd clusters was overestimated for hybrid S1 because no perfect core shell morphology can be 
achieved with 25 subparticles. Regarding the system S3, it may be noted that the alkyd or acrylic 
aggregates in the simulated film do not appear to be as large as in the experimental AFM image. Higher 
segregation could be obtained by modifying the parameters of the potential and the mobility of the 
phases, but no parameter estimation was performed because the main objective was to demonstrate that 
the model was able to capture the experimental trends. In addition, due to computing limitations (the 
simulation was performed in a small portion of the film, 1.5 m x15 m), which limited the possibility 
of quantitative comparison.  
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Fig. 7. Comparison of the film/air interface morphologies determined experimentally by AFM with 
the simulated morphologies (after 5x 10
6
 MCS). Dark brown regions represent alkyd rich phase and 
light brown regions the acrylic rich phase in AFM. The black subparticles represent the alkyd phase 
while the white ones represent the acrylic containing polymer in the simulation. 
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In Figure 4, the simulation results and TEM micrographs of cross sections for hybrids S1 and S3 are 
shown. It can be seen that the model was able to predict the trends observed, as the size of the clusters 
was larger for hybrid S3 than for hybrid S1.  
As a case study, tThe model was also used to explore the effect of combinations of polymer 
microstructure and particle morphology not attainable with the system used as a case study. 
SpecificallyThus, it was used to gain some understanding about the relative importance of the polymer 
characteristics (extent of grafting) and the particle morphology in determiningon the film morphology. 
Therefore, using system S3 as a reference, the effect of grafting for this particle morphology on film 
formation was simulated using =0.7 (representing higher compatibility, system 3a) for comparison to 
system 3 (=0.1). In addition, the reversed core-shell particle morphology (acrylic in the core and alkyd 
in the shell) was simulated for the same two levels of grafting (compatibility).  the morphology of a film 
cast with core/shell particles having the acrylic in the core and containing tThe same number of acrylic 
and alkyd subparticles asthan in System S3 in the core and shell, respectively, was simulated for high 
and low grafting levels (Systems S3b (=0.7) and S3c (=0.1), respectively).  
The simulated cross-sectioned films are presented in Figure 8. For both particle morphologies, there is 
a clear difference in film structure when comparing high and low grafting. On the other hand, when 
there is a hjgh level of grafting and compatibility (=0.7), there is very little difference between the film 
momrphology for the S3a particle morphology and the reversed particle morphology in S3b. Hence, 
these simulationsThis figure shows that the effect of phase compatibility on film morphology appearsed 
to be stronger than that of particle morphology. However, it is worth pointing out that as because of the 
limitations in computer time, the number of subparticles in a particle was limited to 25., Consequently, 
tthe coverage of the core by the shell was not perfect, and thereforethis may underestimate the effect of 
the particle morphology on film morphology because of imperfections in the shell. 
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The developed model combined with models for particle morphology [32,34-37, 56-58]
 
is valuable 
for guiding future experimental work aimed at controlling the film morphology.  The principles 
obtained from the models are applicable to other hybrid systems with differing compositions. 
 
 
 
 
 
 
 
S3b, =0.7  S3c, =0.1 
 
 
 
S3a, =0.7  S3, =0.1 
Fig. 8. Effect of the particle morphology and phase compatibility on the simulated morphology of the 
cross-sectioned films. The scale bar is 313 nm. In the bottom row, the alkyd is in the shell and the 
acrylic is in the core.  In the top row, the structure is reversed, and the alkyd is in the core. In the right 
column, lower compatibility ( = 0.1) is being simulated.  In the left column, compatibility is higher ( 
= 0.7) The black subparticles represent the alkyd phase while the white ones represent the acrylic 
containing polymer. 
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Conclusions 
Insight has been gained into how the morphology of hybrid particles is transformed into film 
morphology. Waterborne alkyd/acrylate hybrids were used as a case study but the concepts are more 
widely applicable. The hybrids contained acrylic polymer, alkyd resin and alkyd-grafted acrylic polymer 
that helped the compatibilization of the other two components. All the films presented aggregates of 
alkyd resin and acrylic-rich polymer that were larger than the size of the corresponding phase in the 
particles, meaning that phase migration and agglomeration occurred during the film formation. Phase 
migration in blends of alkyd and acrylic particles was more apparent than in the hybrid particles because 
of the compatibilising effect of the grafted alkyd-acrylic copolymer. The results from the hybrid systems 
identified three key factors that enhanced phase migration, leading to the formation of aggregates in the 
films.  Phase migration increased as the fraction of the low molecular weight polymer (free alkyd resin) 
increased, as the compatibility between the phases decreased (i.e. a smaller fraction of grafted 
copolymer), and when the more mobile phase was located in the outer part of the particles. A standard 
canonical Monte Carlo model was developed to simulate the transformation of the particle morphology 
into film morphology. The simulation was able to predict the observed trends. The model was used to 
gain some understanding about the relative importance of the polymer compatibility and the particle 
morphology. The results obtained showed that the effect of the phase compatibility on film morphology 
was stronger than that of the particle morphology. In combination with models for particle morphology, 
this model is valuable for designing strategies to control the film morphology.  
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